The equilibrium geometry and 48 vibrational normal-mode frequencies of the neutral and cationic ground state and the cationic first excited states of naphthalene isomers were calculated and characterized in the adiabatic representation by using the complete active space self-consistent field (CASSCF) and second order perturbation theory (CASPT2). Photoionization-efficiency (PIE) spectrum of molecular beam conditions in energy range 8 -11 eV were determined by Kaiser et al. and they were analyzed using time-dependent density functional theory calculations (TDDFT). CASSCF calculations and PIE spectra simulations by one-photon excitation equations were used to optimize the cationic excited (D1) and neutral ground (S0) state structures of naphthalene isomers.
Introduction
Polycyclic aromatic hydrocarbons (PAHs), organic molecules consisting of fused benzene rings, are known to be major air pollutants resulting from incomplete combustion of fossil fuels and also, together with their cations, have been proposed as possible carriers of the unidentified infrared emission bands form various interstellar objects.
1,2 PAHs which are precursors to soot formation released into the atmosphere, their toxic and carcinogenic pose a risk to human health and play a significant role in degradation of air quality.
3-7
PAHs are abundant in interstellar media and the low ionization energies of these species make them susceptiable to the photoelectronic effect upon absorption of a photon in the far-ultraviolet regin. 8, 9 Their planar structures allow photoelectrons to readily escape and contribute to the observed heating of interstellar cloud, 10 which is contributed to by PAH clusters and early studies on singlephoton photoionization of the PAHs such as pyrene and coronene were conducted over a broad photon energy range and aimed at facilitating estimations of interstellar gas heating as a results of photoionization.
11
The formation mechanisms of the two-ring species naphthalene and indene were studied over temperature and pressure ranges that span the extreme environments relevant to many flames and interstellar media. 12 In combustion chemistry research, the molecular-beam mass spectrometry (MBMS) using electron impact ionization (EI) or synchrotron-based photoionization (PI) for qualitative species may have advanced to be potentially the most often applied diagnostics for the characterization of the chemical reaction pathways, since an overview can be provided of basically all stable and shortlived transient species, such as radicals, occurring in the process. Such information is a prerequisite for the development and improvement of kinetic reaction mechanisms and thus extremely valuable especially for alternative fuels 13 and novel operation conditions. 14 Using PI-MBMS with tunable vacuum ultraviolet (VUV) radiation from synchrotrons has played a crucial role because of its capability of isomer identification, making use of the improved energy resolution with respect to electron impact sources and separation of different molecular structures from photoionization efficiency (PIE) curves. While immensely useful, PI-MBMS techniques are not without limitations, especially in situations where distinction is needed of isomers that show close-lying ionization energies and where vibrionic structure is needed for enhanced differentiation. Naphthalene which is one of the sixteen PAHs listed priority controlled by the US Environmental Protection Agency (EPA), is a highly carcinogenic environmental contaminant for human, it is easily produced during combustion of gasoline (such as benzene, 15 toluene, 16 ethylbenzene 17 ) and has been observed by tunable synchrotron VUV photoionization technology. 18 Parker et al. revealed that naphthalene can be synthesized via the reaction of the phenyl radical (C6H5) with vinylacetylene (C4H4) via the hydrogen abstraction-vinylacetylene addition (HAVA) reaction, this bimolecular reaction via an barrierless pathway leads to naphthalene (C10H8) plus atomic hydrogen at temperatures as low as 10 K.
19, 20
Despite numerous studies on PAH ionization energies, photoionization quantum yields, and photodissociation rates, only a limited number of PAHs had their photoionization efficiency curve measured, calculated, or estimated over wide photon energy ranges. The photoelectron/photoionization spectroscopy provides additional distinctive capability by mass-resolved photoelectron spectra that show an individual electronic and vibrational fingerprint structure for each species and isomers. Combustion-related applications are comparatively recent with isomer-selective analysis of combustion-related gas samples by Bodi et al.
21
, the first demonstration of TPES in a flame by Obwald et al. 22 and a very recent attempt to identify PAHs in a flame by Mercier et al. 23 . However, the lack of reference photoelectron/photoionization spectroscopy with a resolution suitable for the identification and reliable quantification of (isomeric) species is one of the factors that limit the application of this technique to more challenging situations in combustion chemistry.
Our work aims at the unambiguous identification and qualitative amounts of three isomers of C10H8 species in molecular beam condition. Recently, PIE spectra of C10H8 in gas phase has been obtained using VUV photoionization spectroscopy.
15, 24, 25
The AIE and relative intensities of the bands of these species are provided, and this information can be used as a starting point for gas phase measurements and for evaluating the combustion relevance of the species. Identification of different isomers is accomplished by comparing experimental PIE spectra with simulated curves based on calculated adiabatic ionization energies and Franck-Condon factor analysis. Theoretical studies focused on assigning different bands in the PIE spectra of naphthalene, knowledge of the geometric structure for the cationic states is desirable because normal-mode displacement, distortion, and mixing can noticeably affect the FCFs and hence the peak intensities of the spectra. The main objective of the current study was determined the geometry and vibrational frequencies of the cationic state of naphthalene through ab initio calculations and to use the obtained data for assigning and predicting the spectra and cationic state dynamics of naphthalene, respectively.
Computational Methods
The ground state geometry of naphthalene and its isomers was optimized using density functional theory (DFT) along with the B3LYP method which was used with the corresponding 6-311G(d,p) basis sets. 
where
is the basis set correction, and E(ZPE) is the zero-point energy. DE(SO), a spin-orbit correction, and DE(HLC), a higher level correction, from the original G3 scheme were not included in our calculations, as they are not expected to make significant contributions into relative energies. The AIE of naphthalene and its isomers can be calculated using the formula
where E0 represents the zero-point energy corrected total electronic energy. As the process concerns ionization of the neutral closed-shell naphthalene monomer by removing one electron from the highest doubly occupied molecular orbital to form the C10H8 + cation, the spectrum was simulated considering the change of geometry/normal modes/frequencies between the neutral ground state and the low-energy final (ionized) state. Because radical cations are electron deficient, the wave functions are sufficiently compact at low excitation energies that interactions with Rydberg states are negligible. The complete active space self-consistent field (CASSCF) wave functions were obtained using the state averaging technique, all states of a given symmetry are described by a common set of molecular orbitals. The neutral ground state (S0) of naphthalene has been computed using CASSCF by 10 electrons distributed on 10 πorbitals (10e, 10o) and the cationic ground, first excited states (D1) have been computed by 9 electrons distributed on the 10 π orbitals (9e, 10o 
Here the electronic coupling matrix element is given by
where denotes the electronic wave functions and represents the vibrational wave function. In this study, we shall introduce the Placzek approximation,
assuming that the electronic energy is much larger than the vibrational energy. Eq(3) When the molecule is ionized by one-photon processes, the thermal rate coefficient W for ground vibronic state g0 (i.e., g0 fv'). From the preceding discussion, it is clear that the Franck-Condon factors are crucial for determining the intensities of vibronic bands by using W. Therefore, using the Condon approximation for non-adiabatic transitions, the Franck-Condon factor should be calculated.
The PIE curve is simulated using the following analytical Franck-Condon formulation. Let us start with the thermal rate coefficient of the electronic transition from the ground adiabatic state i to f. We have the expression
where J &# represents the Boltzmann distribution, is Planck's constant, v and v' represent the vibrational quantum number in electronic states i and f, respectively, associated with vibrational wave functions and for nuclear motion.
Furthermore, and are the energy level between the electronically ionic vibrational state and the ground vibrational state. Using the integral representation for the delta function,
In the displaced harmonic approximation, we can derive the expression
where l m h = (Q where the displacement dj is simply defined as
Here, y s ) (y s ) and Z h ) (Z h ) are the mass-weighted Cartesian and vibrational normalmode coordinates at the equilibrium geometry of the electronic state f(i), respectively. In this study, the transformation matrix L in eqn (12) and y s ) (y s ) were calculated using the Gaussian 09 35 and Molpro 36 program package.
If kiv is identical for all vibrionic transitions, then the spectra will be proportional to the PIE spectra. In this case, eqn (12) can be used to evaluate the PIE spectra in terms of the Franck-Condon factors. We limited the calculation of the PIE spectra to the Franck-Condon region, 8 -11 eV, as shown in Fig x. In this narrow energy region, vibrational amplitudes are not large, and the use of harmonic oscillator approximation is reasonable. Let ! E "& denote the transition moment from the pumped neutral state to the ionized electronic state, evaluated at the equilibrium position (i.e., the Condon approximation). Then, using the aforementioned theoretical results, calculated adiabatic ionization energies (for the 0 -0 transition; Table 2 ) and vibrational frequencies and normal modes (Table 4) , we can calculate the PIE spectra of four isomers shown in Fig. 4 . Because of the quality of the optimized structures used in the calculation, qualitative agreement is evident among Fig. 1, 3 , and Table 1 . We present a tentative assignment of the PIE spectra and these types of spectra are useful for discussing the vibronic level dependence of naphthalene.
Results and Discussion
Calculated structures and vibrational frequencies of different C10H8 isomers.
The identification of novel reactive intermediates and radicals is revealed in flame, pulsed photolysis, and pyrolysis reactors, leading to the elucidation of spectroscopy, reaction mechanisms, and kinetics. Photoionization-efficiency measurements provide unprecedented access to vibrationally resolved spectra of free radicals, molecules, clusters, and their reaction products inform thermodynamics and spectroscopy present in high-temperature reactors.
37-39
The natural choice of a computational tool for analyzing the electronic states of PAH cations is the CASSCF method because it fully accounts for configuration interactions in a π-electron system (orbital active space) and provides an accurate description of the rest of the molecule. To study the PIE curve of naphthalene is to simulate the photoionization process of naphthalene molecules with the conditions of molecular beam using quantum chemistry calculation. Hirata et al. 40 and Malloci et al. 41 conclusion about a series of PAHs and their ions in the interstellar clouds were made on the basis of their TD-B3LYP calculated the excitation energies and oscillator strengths. Srivastava et al. 42 have been systematically analyzed using ab initio and B3LYP/6-311++G** method calculated the IR and vibrational spectra of naphthalene and its cation, and are found to be in better agreement with corresponding experimental values 43, 44 in comparison to previous results. 45, 46 Their experimental and theoretical studies of neutral and ionized naphthalene have revealed an unexpected effect of the ionization on the vibrational spectra that lead to a dramatic reduction in intensities of CH stretching modes and concurrently large increase in the intensities of ring CC stretching and CH bending vibrations. Bally et al. 47 have calculated the excited state of the naphthalene cation electronic structure on the basis of ab initio CASSCF/CASPT2 method which yield a description in good accord with their photoelectron and electronic absorption spectra such as band positions and intensities. Eisfeld 48 has used the multi-reference configuration interaction (MRCI) level of theory to calculate the vertical excitation energies of C3H3 isomers that play a major role in combustion chemistry and of fundamental interest in understanding photodissociation processes of hydrocarbons. Vertical and adiabatic ionization energies are calculated by coupled-cluster theory and CASPT2 method are suitable to aid the experimental detection of the different C3H3 isomers. Hall et al. 49 have employed CASSCF/CASPT2 method to calculate the electronic structures of the ground and excited states potential energy surfaces on the naphthalene radical cation, they propose a mechanism for its ultrafast non-radiative relaxation from the second excited state (D2) down to the ground state (D0), which could explain the photophysics of matrix-isolated experiment 50 observed photostability. Naphthalene cation is proposed as one of the species contributing to a series of diffuse infrared absorption bands originating from interstellar clouds, and understanding the mechanism for photostability in the gas phase has important consequences for astrophysics. Sánchez-Carrera et. al. 51 have used the vibronic coupling in ground and excited states of naphthalene cation on the basis of a joint experimental and theoretical study of ionization spectra using high resolution gas phase photoelectron. Their theoretical and experimental results reveal the direct correlation between the nature of the vibronic interaction and the pattern of the electronic state structure. The CASSCF analysis of the neutral ground electronic state (S0), cationic ground (D0) and cationic first (D1) excited states of C10H8 (naphthalene, 1-buten-3-ynylbenzene, 3-buten-1-ynylbenzene) presented here demonstrates the practical application of the CASSCF method level by using the cc-pVTZ basis set, and it was performed with the aim of understanding the photoionization behavior of the system. To enhance the accuracy of the simulation results, benchmark CASSCF and CASPT2 calculations were also performed on the neutral ground electronic state (S0), cationic ground electronic state (D0), cationic first excited state (D1) using MOLPRO. 36 All ground and excited states in the geometry optimization of the three C10H8 isomers have a Cs symmetry, except the ground state structure of naphthalene has D2h symmetry. The correlation-consistent basis set used was cc-pVTZ, 52 in which 4s3p2d1f was for carbon and 3s2p1d was for hydrogen. Vibrational frequencies and normal modes of C10H8 isomers (S0, D0 and D1) were computed at the DFT and TDDFT levels with the cc-pVTZ basis set, respectively. A scaling factor of 0.965 was used for calculating the ground state frequencies, and the calculation of the excited state frequencies did not involve any scaling. Fig. 1 shows the optimized geometries and numbering scheme of C10H8, and three different isomers, corresponding to different carbon sites on the molecules, may be predicted for C10H8. Among the different isomers of C10H8, naphthalene, 1-buten-3-ynylbenzene, and 3-buten-1-ynylbenzene are planar isomers; moreover, naphthalene is the most stable isomer, 1-buten-3-ynylbenzene (2.52 eV) and 3-buten-1-ynylbenzene (2.43 eV) have a considerably higher than naphthalene, respectively. Our calculated results are in accord with the values of Mebel et al. 12 and Zhao et al. 24 The bond length in italics in Table 1 are shown for comparison and are taken from the experimentally determined geometry 56 in the case of the neutral species and from the CASSCF calculations of Hall et al. 49 for the cation structures. From a comparison of the optimized geometrical parameters of the isomers with the corresponding values of the neutral molecule (presented in the ESI), ionization was predicted to lead to substantial changes in the bond lengths and bond angles. The change in the bond angles is minor; here, we describe only the change in the bond lengths. While all the equilibrium structures are almost planar, each state has a distinctive pattern of carboncarbon bond length alternation. For naphthalene cation, the aromatic C-H covalent bonds were almost unchanged (1.082 Å) compared with the corresponding aromatic C-H bonds in a naphthalene molecule (1.083 Å). Ionization at the Ca position caused the Ca-Cβ and Cg-Cg' distances to increase to 1.400 and 1.427 Å, which corresponds to the neutral naphthalene having lengths in the range of 1.370-1.410 Å. In 1-buten-3-ynylbenzene cation, the C1-C7 and C8-C9 bonds were slightly shorter (1.413 Å, 1.381 Å); the C7-C8 bond was elongated (1.389 Å) in the cationic species than compared with neutral species (1.460 Å, 1.414 Å, 1.344 Å), respectively. In 3-buten-1-ynylbenzene cation, the aromatic C-H covalent bonds were almost unchanged (1.081 Å) compared with the corresponding aromatic C-H bonds in a neutral molecule (1.081 Å). The C1-C7 and C8-C9 bonds in the cationic state were slightly shorter (1.381 Å, 1.361 Å) than in neutral state (1.421 Å, 1.415 Å), respectively.
Vertical and adiabatic ionization energies for different C10H8 isomers.
The vertical ionization energies (VIEs) which computed at the optimized geometry of neutral molecule neglect structural relaxation but include wave-functions relaxation following the removal of one electrons. Adiabatic ionization energies (AIEs) are evaluated as the difference between the total energies of the neutral and the corresponding cation in their stablest configurations. The PIE spectrum and adiabatic ionization energy (8.14 ± 0.02) eV of C10H8 is obtained with synchrotron vacuum ultraviolet photoionization mass spectrometry (SVUV-PIMS) in fuel-rich benzeneoxygen flame 15 , high-temperature chemical reactor
18,24
, and cyclopentene pyrolysis
25
. The computed gas-phase ionization energies (VIE and AIE) of the C10H8 are given in Table 2 . Calculated adiabatic ionization energies for naphthalene (8.14 eV) with CASPT2 using cc-pVTZ are in excellent agreement with measurements.
18,24, 25 The AIE for 1-buten-3-ynylbenzene is calculated to be 8.28 eV and agrees reasonably well with Kaiser's measured appearance energy of 8.25 eV 24 The discrepancy of 0.01 eV between theoretical and experimental values is likely to be due to favorable Franck−Condon factors (FCFs); similar magnitude difference between 0-0 transitions and the computed apparent PIE onset has been observed in a previous study of PIE curve of C3H2. 53 The PIE shown in Figure 2 rises gradually up to 8.14 eV and continues rising up to 9.5 eV. Our calculated AIE of 8.15 eV suggests FCFs for ionization. Experimentally, this manifests as the broad onset in the PIE shape as opposed to a sharp step function. Attempts were made to calculate the FCFs envelope as a fitting function to estimate the adiabatic ionization energy of naphthalene from the experimental data 24 , which has been successfully applied to compare experimental and theoretical results for C3H2, 53 HOOH, 54 and some nucleic acid bases.
55
The frontier molecular orbitals (MOs) participating in the D1 transition of neutral and cationic naphthalene are shown in Table 3 . Analysis of the major configurations contributing to the excited state wavefunctions reveals that the two lowest lying states (S0 to D1) correspond primarily to the single occupation of the MO34 and MO33 bonding orbitals. According to CASSCF calculations, in both neutral and cationic naphthalene (the most stable isomer), the one-electron excitation that mainly contributes to the D1 state in the HOMO ¬ HOMO-1 transition. These computed CASPT2/cc-pVTZ ionization energies suggest that the second ionization onward will contribute to the rise of signal in the experimental curve only beyond 11 eV. Thus, these states will not be discussed further. The MO from which the first ionization occurs from the MO34 orbital has significant electron density around the Ca-Cβ bonds is decreased while the antibonding character in the Cβ-Cβ' bonds is decreased; the Ca-Cβ bonds are longer and the Cβ-Cβ' bonds shorter than in the neutral species. Thus, removing the electron from MO34 orbital results in weakening of the Ca-Cβ in the cationic species (1.400 Å versus 1.370 Å in the neutral). The distribution of spin-density conforms the conclusion that the hole is delocalized almost equally over Ca and Cβ. Further details of the structural changes of others cationic species are given in the Supporting Information.
The first state of the cation corresponds to excitation of an electron from MO33 into MO34. The small energy gap (2.5 kcal/mol) between the D0 and D1 states at the D1 minimum suggests the existence of a nearby state crossing. Vertical transition to the D1 state would cause the electron density to increase around the Ca-Cβ bonds and decrease around the Cg-Cg' and Cβ-Cβ' bonds, leading to relaxation to the minimum structure on this state involving compression of the Ca-Cβ bonds and elongation of the Cg-Cg' and Cβ-Cβ' bond lengths. To check the reliability of the CASSCF energies, higher level calculations were performed to assess the effect of dynamic correlation on the relative energies of the three states (S0, D0, D1). CASSCF is capable of describing the qualitative features of covalent excited states. However, for excited states displaying differences in charge separation, the contribution from dynamic correlation energy becomes very important and is not well described by the CASSCF wave function. A perturbation theory approach was therefore employed, allowing all single and double excitations out of the full CASSCF wave function An analysis of the correlation energies at the CASPT2 level revealed that there is a greater correlation effect in the D0 state compared to the D1 state, explaining this relative difference from the CASSCF results, and perhaps suggesting some extra ionic character in these state.
Experimentally, there are several PIE curves for Naphthalene cation that all assign the strongest ionization band to the 0-0 to D1. This is consistent with the small geometry changes calculated on going from S0 to D1 minima (Table 1) . A gas phase photoionization spectrum exhibits the data over a range of photon energies from 8.0 to 9.5 eV along with the PIE curves of naphthalene, 1-buten-3-ynylbenzene, and 3-buten-1-ynylbenzene. These data document an excellent match of the experimentally recorded PIE curve at m/z = 128 with a linear combination of the reference curves of three C10H8 isomers. The branching ratios 12 for naphthalene to 1-buten-3-ynylbenzene to 3-buten-1-ynylbenzene were calculated based on the overall fitting of the experimental PIE curve at m/z = 128. By linear fitting of these calibration PIE curves to the experimentally measured curve, the branching ratios were extracted to be 43.5 ± 9.0: 6.5 ± 1.0: 50.0 ± 10.0%, taking 20% uncertainty in the PIE curves into consideration. It should be noted that the two-ring C10H8 isomer azulene has an adiabatic ionization energy of 7.42 eV and therefore the absence of signal below 8.14 eV clearly indicates the absence of azulene as a reaction product. Their theoretical study 12 described the PES for the reaction, structures, and molecular properties of all intermediates and transition states involved and temperature-and pressure-dependent rate constants in the phenylvinylacetylene system. It is important to note that the pathway to 1-buten-3-ynylbenzene is produced via the phenyl radical addition to the C4 acetylenic carbon atom occurring via a barrier of 5 kJ mol -1 followed by the atomic hydrogen loss from the attacked carbon atom; 3-buten-1-ynylbenzene is formed by phenyl addition to the C1 carbon atom of the vinyl moiety via a submerged barrier located 0.4 kJ mol -1 ;
naphthalene proceeds through the same submerged barrier and involves two hydrogen shifts and ring closure prior to hydrogen atom elimination via the transition state is lower in energy than the barrier involved in the immediate hydrogen atom loss from the collision complex forming 3-buten-1-ynylbenzene.
Franck-Condon factors and differentiated photoionization efficiency curves: theory and experiment
Though the real focus of the study of Raiser 24 was on measuring the photoionization spectrum of the C10H8 isomers prepared by high-temperature chemical reactor, they included a photoionization efficiency (PIE) curve of the parent naphthalene, prompted both by the absence of other photoionization studies and a relative paucity of photoelectron spectra of the same molecule. The ionization energy of naphthalene was estimated by using the standard approach of determining the lowest-energy stepstructured feature. The shape of the photoionization efficiency spectrum of Fig. 4 is modeled by using a calculated Franck-Condon envelope as a fitting function to estimate the adiabatic ionization energy of naphthalene from the experimental data. The simulated envelope requires a calculation of Franck-Condon factors for ionization of naphthalene, 1-buten-3-ynylbenzene and 3-buten-1-ynylbenzene. Force constant matices, unscaled frequencies and normal mode displacements calculated at the B3LYP/cc-pVTZ level for the neutral and cation of naphthalene, 1-buten-3-ynylbenzene and 3-buten-1-ynylbenzene are used to generate the Franck-Condon factors and the evaluation of overlap integral is carried out in the harmonic approximation. The resulting Franck-Condon factors, including hot bands arising from thermal population at the assumed temperature, are integrated and convolved with Gaussian response function corresponding to the measured experimental photon energy resolution of 2.0 eV. The PIE curves of stable species, agree well with room temperature measurements, indicating that effective vibrational temperatures in the beam are near 300k and give satisfactory fits to the present experimental data.
To present a general overview of the C10H8 PIE spectrum, we start by considering the isomeric vibronic structure of the S0 ® D1 electronic transition. As a quantitative measure of the overall geometry change upon, we consider the difference between the geometries of the neutral and the cation positioned such that their centers of mass coincide and their principal axes are optimally aligned. The Franck-Condon progression of relative band intensities in the displaced Harmonic oscillator approximation is described by the Franck-Condon factor
where } h ) denotes the vibrational quantum number of the jth normal mode describing the Franck-Condon progression and } h ) is the Huang-Rhys factor. The ionizationinduced geometry changes can be explained by the shapes of MOs. The distance between the atoms for which the bonding or antibonding overlap is present in the We used the equilibrium geometries of the S0 and D1 states calculated to estimate the Huang-Rhys factors, and then used the Huang-Rhys factors to simulate the PIE spectra by using eqn (12) . The Huang-Rhys factors are given in Table 4 , the xxx modes (v12), yyy modes (v28), zzz modes (v24), aaa modes (v8) and bbb modes (v38) have HungRhys factors (0.1120, 0.0773, 0.0688, 0.0647 and 0.0532).
Conclusions
With the analysis of combustion intermediates featuring in flames of different fuels, the discriminative capacity of photoionization efficiency spectroscopy have been examined under isomer-rich, chemically complex conditions. The photoionization mass spectrometry using tunable vacuum ultraviolet synchrotron radiation that profits from the unambiguous fingerprint of species of naphthalene, 4-phenylvinylacetylene and trans-1-phenylvinylacetylene were applied to high-temperature reactor to provide specific information about the chemical composition at a given mass. The technique had already been proven advantageous over more widely used photoionization molecular-beam mass spectrometry measurements that can only identify the contribution of several isomers if their ionization energies are not too close and the corresponding slopes of the PIE efficiency curves can each be assigned to a single species. The PIE curve of the naphthalene molecule was obtained from Franck-Condon simulations on the basis of high-level quantum chemistry calculations and suggests the presence of ethynyl and isoprene reaction. We demonstrated that tautomerization affects IEs, relative order, and the characters of ionized states. Analysis of ionizationinduced geometry changes reveals correlation between the magnitude of the geometry changes and relaxation energy for most of the hydrocarbons.
We obtained the PIE curve of a small-sized PAH and found that the vibrational normal mode (v8) is the most influential vibrational mode of naphthalene. The structural differences between the neutrals and the cations give rise to Franck-Condon progressions. The shape of the computed S0-D1 band follows a similar pattern in all three C10H8 isomers; the maxima of the spectra are » 1.5 eV higher than the 0-0 transition. The maximum corresponds to the coupled stretching and bending motions that are strongly affected by the radical's relaxation. For symmetric molecular such as naphthalene, local vibration modes between carbon and hydrogen atoms must be addressed; therefore, a damping parameter and multiple Huang-Rhys factors should be introduced to simulate the PIE curve. Spectral robustness was thoroughly investigated according to the Huang-Rhys factors by systematically performing simulations through the CASSCF(10,10) methods. It confirmed that one of the six active normal modes (vxx) was mainly responsible for the PIE spectra. It should be emphasized that the HuangRhys factors for the C-C and C-H local modes slightly rotate the normal modes. In the displaced oscillator calculations, the rotation and small changes in the frequencies were identical for both the ground and excited states; the rotation of the normal modes resulting from a change in the mass/locate mode factors tended to be small. Moreover, the Duschinsky rotation effects are negligible, but this should be confirmed by further studies. We calculated the Franck-Condon factors from a harmonic oscillator to determine the PIE spectra of small-sized polycyclic aromatic hydrocarbons, and the present method can be used to detect spectral changes and produce vibronic spectra for small PAH by adjusting the Huang-Rhys factors in the gas phase.
Reanalysis of literature electron ionization measurements in the light of the present IE determination suggests that the C10H8 composition in several other flames is also a mixture of isomers. Franck-Condon analysis, based on ab initio calculations of frequencies and force constants, allows the determination of the ionization energy of naphthalene as 8.14 eV. The firm assignment of the majority of the observed intramolecular vibrational modes was proposed on the basis of harmonic frequency calculations. Reanalysis of literature electron ionization measurements in the light of the present IE determination suggests that the C10H8 composition in several other flames is also a mixture of isomers. 
